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The short-term stability of passive atomi frequeny standards, espeially in pulsed operation,
is often limited by loal osillator noise via intermodulation eets. We present an experimental
demonstration of the intermodulation eet on the frequeny stability of a ontinuous atomi
fountain lok where, under normal operating onditions, it is usually too small to observe. To
ahieve this, we deliberately degrade the phase stability of the mirowave eld interrogating
the lok transition. We measure the frequeny stability of the loked, ommerial-grade loal
osillator, for two modulation shemes of the mirowave eld: square-wave phase modulation and
square-wave frequeny modulation. We observe a degradation of the stability whose dependene
with the modulation frequeny reprodues the theoretial preditions for the intermodulation eet.
In partiular no observable degradation ours when this frequeny equals the Ramsey linewidth.
Additionally we show that, without added phase noise, the frequeny instability presently equal to
2×10−13 at 1s, is limited by atomi shot-noise and therefore ould be redued were the atomi ux
inreased.
Keywords: Continuous atomi fountain lok, intermodulation eet, Dik eet, lok fre-
queny stability.
PACS numbers: 06.30-Ft, 06.20.fb, 32.80.Lg
I. INTRODUCTION
It is well established that the ultimate short-term sta-
bility of pulsed passive frequeny standards an be lim-
ited by intermodulation eets, also known as the Dik
eet [1, 2℄. First desribed in the ase of ion traps in
1987, the eet has regained interest with the develop-
ment of old esium fountains [3℄, sine most of these
devies are operated with a pulsed sheme. The Dik
eet arises from down-onversion of loal osillator fre-
queny noise at even harmonis of the yle rate into the
fundamental frequeny band of the loking loop, thereby
degrading the ahievable short-term stability. In a pulsed
fountain one an make the eet negligible by employ-
ing a loal osillator exhibiting an ultra-high stability,
suh as a ryogeni sapphire osillator [4, 5℄. An alter-
native route would be to ensure that at all times there
are atoms between the two Ramsey pulses. One way to
ahieve this is to use a multipulse or a juggling atomi
fountain [6℄,[7℄. The way we are urrently pursuing is the
ontinuous fountain approah. Rather than launhing
atoms in suessive louds, a suh fountain produes a
ontinuous beam of laser-ooled atoms.
Theoretial investigations, presented in a previous
ommuniation [8℄, have shown that intermodulation ef-
fets an also exist in a ontinuous fountain, albeit at a
muh lower level. But ontrary to pulsed standards, they
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an be anelled ompletely in the ase of a ontinuous
fountain if the modulation frequeny of the interroga-
tion is arefully seleted; namely, if this frequeny is an
odd harmoni of the linewidth of the Ramsey resonane,
the intermodulation eet anels for any modulation
sheme. In this paper we present an experimental veri-
ation of the suppression of the intermodulation eet
in a ontinuous fountain when this ondition is fullled
and observe the degradation of the short-term stability
when it is not. Results are ompared with the theoretial
predition.
In Setion II, we present the experimental set-up used
for this work, inluding a brief desription of our ontinu-
ous fountain, dubbed FOCS-1, and the frequeny ontrol
loop. Setion III is devoted to the present performanes
of FOCS-1 in terms of ux, signal-to-noise ratio and sta-
bility. In Setion IV, we summarize the results of the
model developed in [8℄ and use them to predit the in-
termodulation eet in a realisti experiment. Measure-
ments and results are presented in Setion V.
II. THE CONTINUOUS FOUNTAIN CLOCK
SET-UP AND INTERROGATION METHOD
A. Fountain set-up
Fig. 1 shows a sketh of FOCS-1. A ontinuous 3D op-
tial molasses (OM) aptures atoms from the low veloity
tail of a Cs vapor in an ultra-high vauum hamber. The
old atoms are launhed upwards with a longitudinal ve-
loity of ≃ 3.8 m/s using a moving molasses sheme (up-
and down-going beams at 45
◦
from the vertial, detuned
2by ± 3.2 MHz). The old atom beam (isotropi temper-
ature of about 60 µK) is tranversally ollimated by two
orthogonal 1D optial molasses, whih redues the trans-
verse temperature to about 7 µK. The ooling beams are
tuned to the ross-over 43'-45' of the D2 line, i.e. 25 MHz
to the blue side of the 44'. A repumper beam tuned to
34' is superposed so that all atoms are ooled in the F=4
ground state hyperne level.
In the ontinuous fountain, the two Rabi interations
must be spatially separated. For this reason the trans-
verse ooling plane is tilted by about 1.8
◦
from horizontal
and the atoms desribe an open parabola with a ight
duration T≃ 0.5 s in between the two Rabi interation
zones (yielding a Ramsey fringe of FWHM ≃ 1 Hz). In
the present set-up the atoms in F=4 are partially pumped
into F=3 by the uoresene light sattered by the OM
soure. Sine this depumping is unavoidable, we have de-
ided to omplete the transfer into F=3 by a transverse
laser beam above the ooling plane resonant for 44'. The
remaining atoms in F=4, mF 6= 0 represent typially 40%
of the population inversion of the lok transition F=3,
mF=0 → F=4, mF=0 and ontribute noise.
The transit time in eah Ramsey zone is of order 10 ms.
A C-eld B ≈ 70 nT denes the vertial quantisation axis
and lifts the degeneray of the F=3, mF → F=4, mF
transitions. After the seond Rabi interation, atoms in
F=4 only are deteted by indued uoresene on the
F=4→ F'=5 yling transition. The detetion eieny
limited by the solid angle of olletion is a few perent.
With a probe power 1.5 mW and waist diameter 10 mm,
the number of photons deteted per atom is ≫ 1, so
that the deteted shot noise is limited by atomi shot
noise. The photodetetor (Hamamatsu) with a feedbak
resistane 1 GΩ, has low dark noise (4×10−15 A Hz−1/2).
The output of the urrent-to-voltage onverter is further
amplied by a fator of 100.
B. Continuous Ramsey interrogation
A blok diagram of the frequeny ontrol loop is shown
in Fig. 2. We start from a ommerial voltage-ontrolled
quartz rystal osillator VCXO (BVA 8607 from Osillo-
quartz) whih displays an Allan deviation of 10−13 up to
100 s. A frequeny synthesiser uponverts the 10 MHz
output of the VCXO to 9180 MHz with a phase mod-
ulation at 12.6 MHz provided by an external generator
(HP3325 synthesiser). This generates the mirowave eld
with a arrier frequeny at the lok transition frequeny
(9 192 631 770 Hz) and an amplitude adjusted to indue
pi/2 Rabi pulses in the Ramsey avity. To produe an er-
ror signal for the frequeny orretions, the phase of the
12.6 MHz osillation issued from the HP3325 synthesiser
is square-wave modulated with a p.p. amplitude of pi/2.
The phase of the mirowave eld at the lok frequeny
is thus modulated with the same waveform and ampli-
tude. The waveform, frequeny f
mod
and amplitude of
the phase modulation are ontrolled by the referene out-
FIG. 1: Fountain set-up. 1: UHV hamber; 2: optial mo-
lasses apture region; 3: transverse ooling; 4: mirowave
avity; 5: paraboli ight; 6: mirowave eld feedthrough; 7:
magneti shielding; 8: probe detetion beam.
put of a digital lok-in amplier (DLA). The uoresene
photodetetor signal is square-wave demodulated in the
DLA, integrated and the orretion voltage applied to
the VCXO. The loking loop is ontrolled by a Labview
software routine.
III. SIGNAL-TO-NOISE AND PRESENT
CLOCK STABILITY
In a ontinuous fountain, if all tehnial noise soures
an be suppressed suiently, the ahievable stability is
limited only by the signal-to-noise ratio S/N of the de-
teted atomi ux whih itself sales with the square root
of this ux (atomi shot noise limit). The Allan deviation
σy, a measure of the frequeny instability of the fountain,
is then expeted to sale with the inverse square root of
the atomi ux, σy ∝ φ
−1/2
. To verify that our foun-
tain satises these onditions, we have rst measured the
noise as a funtion of the atomi ux.
For these measurements, the atomi ux was varied in
two independent ways, either i) by hanging the power of
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FIG. 2: Blok diagram of the frequeny ontrol loop. VCXO: voltage-ontrolled quartz rystal osillator; PD: uoresene
photodetetor. DLA: digital lokin amplier. Gen: RF synthesiser. PM: phase modulation. The use of the noise generator
(noise) and summing amplier Σ is detailed in Set. V.
the repumper laser or ii) by modifying the power of the
ooling beams of the 3D-optial molasses. The uores-
ene photodetetor signal was spetrum analysed (Stan-
ford Researh Systems SR760 FFT). The noise was ob-
served to be white between 0.1 Hz and 20 Hz with a
dominant ontribution from atomi uoresene, as an
be seen in an example of a reording shown in Fig. 3a.
Figure 3b displays the measured noise as a funtion of the
deteted atomi ux for both methods. The small noise
ontribution from the bakground signal due to sattered
probe light (∼ 5× 10−15 A Hz−1/2) has been subtrated
quadratially. The experimental data are tted with a
power law N = Sk where N represents the noise and S
the atomi signal. The value obtained for k lies ∼ 2.5σ
above the value 0.5 expeted for pure atomi shot noise.
From the signal-to-noise ratio one an also dedue the
number of deteted atoms. Indeed, it an readily be
shown that the atomi ux is related to the signal-to-
noise ratio by φ = 2 (S/N)
2
.
Using this equation, we infer that for the data point
orresponding to the strongest atomi signal, the useful
ux [10℄ is of order 2× 105 at/s.
For the frequeny stability measurements, the 10 MHz
output of the VCXO loked to the fountain is ompared
with the 10 MHz output of a maser ontributing to the
denition of TAI (maser 140-57-01) using a frequeny
omparator (VCH-314). Fig. 4 displays a typial result
obtained at maximum ux. At 1 s, the phase noise of the
maser dominates. For τ > 200 s, the Allan deviation is
onsistent with 2×10−13τ−1/2 and lies near the limit ∼
(1.5 to 1.8)×10−13τ−1/2 assoiated with the atomi shot
noise expeted from the signal-to-noise ratio disussed
above. In addition, ontrol measurements performed at
half-maximum ux were onsistent with a degradation of
the instability as φ−1/2, i.e. with atomi shot noise.
IV. THE PREDICTED INTERMODULATION
EFFECT
A. Allan deviation due to the intermodulation
eet
A theoretial analysis of a possible degradation of the
frequeny stability of a frequeny standard due to inter-
modulation eets has been presented in detail previously
[8℄. Here, only the basi ingredients of the model and the
main results will be realled.
From a knowledge of the power spetral density (PSD)
of the frequeny utuations of the free running osillator
SLOy (f), the model aims at prediting the power spetral
density SLLOy (f) of the osillator loked to a Ramsey
resonator using any modulation - demodulation sheme.
Though the treatment was developed speially for the
ase of a ontinuous interrogation, it an also be applied
to the pulsed ase, or for that matter, to any-time de-
pendene of the atomi ux. From the PSD of the loked
osillator, the Allan deviation an then readily be om-
puted.
The spetrum of the LLO has two parts: the rst orre-
sponds to the error signal that ontrols the LO frequeny
utuations; the seond, not redued by the loop gain,
ontains all even harmonis of the modulation frequeny
f
mod
and orresponds to a spurious signal generated by
down-onversion of the LO frequeny utuations at har-
monis of the modulation frequeny. The latter is the
aliasing part of interest here and is given by Eq.(30) of
Ref. [8℄:




















































FIG. 3: Rms values of the noise N of the uoresene pho-
todetetor signal. (a) vs the Fourier frequeny at intermedi-
ate atomi ux (upper trae) and without atomi ux (lower
trae). (b) vs the ontribution S of the atomi uoresene
to the DC signal. The mirowave eld is tuned to the entre
of the entral Ramsey fringe of the lok transition without
phase modulation. The atomi ux is varied by varying the
power of the repumper beam (squares) or of the ooling beams
(bullets) in the 3D-optial molasses soure. The straight line
is a t by a power law with exponent 0.560 ± 0.025.
for Fourier frequenies 0 ≤ f ≤ fF , where the c2k are
the Fourier oeients of the modulation-demodulation
funtion, T is an eetive transit time between the two
Ramsey pulses (here ≃ 0.49 s) and fF is the bandwidth
of the low-pass lter in the loop. A remarquable property
of this equation is that for the ondition T = T
mod
/2, i.e.
when the modulation frequeny is equal to the resonator
linewidth ∆ν0 (≃ 1 Hz), all terms in Eq.(1) are equal
to zero: as a result the aliasing eet vanishes, whatever
modulation-demodulation sheme. The interpretation is
a ltering eet of the LO frequeny utuations at the
even harmonis of f
mod
by averaging over the transit
time through the resonator. In the partiular ase of
square-wave phase modulation and square-wave demod-
ulation the c2k vanish for all values of k, whih provides
an even more robust anellation eet.
The bandwidth of the frequeny ontrol loop fF is a
fration of a hertz. Within this bandwidth, the frequeny
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FIG. 4: Allan deviation σy of the LO loked to FOCS-1 om-
pared to the referene maser, as a funtion of the averaging
time τ . The points represent the experimental data and the
ontinuous line indiates 2.0 × 10−13 τ−1/2.
ulation eet an be onsidered as white noise (Eq. (1)).




y,Dc (f = 0)/2τ (2)
provided the averaging time τ is longer than the time
onstant of the servo loop (typially τ > 10 s).
For quantitative preditions, we must alulate the
Fourier oeients c2k involved in Eq.(1) and use a model
for SLOy (f), the PSD of the frequeny utuations of the
free LO. For SLOy (f), the main soures of frequeny in-







orresponding to random frequeny (h−2), iker fre-
queny (h−1), white frequeny (h0), iker phase (h1)
and white phase noise (h2).
In Ref. [9℄, three usual types of modulation shemes
were investigated: square-wave phase modulation,
sinusoidal-wave and square-wave frequeny modulations,
and, for eah of them, either rst harmoni or wideband
demodulation shemes were onsidered. The simulations
of the intermodulation eet were performed for a parti-
ular quartz osillator exhibiting ontributions from h−1
and h1 types of noise, with a iker oor Allan deviation
of 3 × 10−13. The results show that for signiant devi-
ation (0.4 to 0.5 Hz) of f
mod
from the value ∆ν0 = 1 Hz
(or its odd harmonis) the Allan deviation due to the in-
termodulation eet reahes at most 10−13 for τ = 1 s,
that is, a value below the present Allan deviation lim-
ited by the atomi shot noise (see Se. III where f
mod
is
5hosen equal to ∆ν0 = 1 Hz). Similar results were ob-
tained with the three modulation shemes [11℄. Sine our
present osillator is even better with a ∼ 3 times lower
iker phase noise, it is not well suited for demonstrat-
ing the intermodulation eet. It was thus neessary to
degrade deliberately the phase noise performane of the
LO. We hose to injet white phase noise (h2-type) with
an amplitude suh that the intermodulation eet on-
tribution is ∼ 2 times the atomi shot noise for an ex-
perimentally sensible deviation of f
mod
from 1 Hz (or its
odd harmonis).
B. Predition in the ase of square-wave phase
modulation with white phase noise
For square-wave phase modulation and wideband de-
modulation, the Fourier oeients an be alulated an-
alytially, and from Eq. (6.32) of Ref. [9℄ the h2 ontri-
bution to the intermodulation eet reads:
σy,Dc(ξ, τ) =
1











4(kpiξ)/k2 and ξ= f
mod
/∆ν0. The
dependene of the Allan deviation on the frequeny mod-
ulation f
mod





Using the relation Sφ(f) = Sy(f) × (f0/f)
2
with f0 ≃
9.2 GHz the lok frequeny, this orresponds to a PSD






. One an see
the noth eet of the ontinuous Ramsey resonator at
1 Hz, the width ∆ν0 of the resonane line, and the rapid
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FIG. 5: Allan deviation due to the intermodulation eet us-
ing the model developed in [8℄ for the ase of square-wave





as a funtion of the frequeny modulation f
mod
. Values al-
ulated for an averaging time τ = 1 s.
V. NOISE GENERATION, MEASUREMENTS
AND RESULTS
To generate the phase noise in the mirowave eld, we
add a noise voltage to the phase modulation input of the
12.6 MHz generator (see Fig. 2). The noise voltage pro-
vided by a wideband white noise generator (DS340) is
low-pass ltered and amplied beforehand. We adjust
the ut-o frequeny to selet the rst 20 harmonis of
the modulation frequeny f
mod
, sine these give almost
the whole ontribution (>98%) to the intermodulation ef-
fet. The rms noise voltage is adjusted to provide a phase





Note the interest of injeting the phase noise into the
12.6 MHz osillation, rather than diretly into the VCXO
ontrol voltage input: the added frequeny instability of
the VCXO is then representative of the intermodulation
eet, and not of some parasiti eet due to a diret
degradation of the VCXO.
Most of the frequeny stability measurements were
performed using square-wave phase modulation with
f
mod
varied around either 1 Hz or 3 Hz, i.e. the rst
or third harmoni of the Ramsey resonator linewidth.
The Allan deviations, for eah value of f
mod
, obtained
after a measurement time of typially 2 hours are plot-
ted in Fig. 6a and 6b, respetively. For τ of a few hun-
dred seonds, the VCXO is loked to the fountain and
the Allan deviations approah the τ−1/2 law (white fre-
queny noise) expeted from both atomi shot noise and
the intermodulation eet. For τ > 1000 s, the statis-
tis are poorer and the values less signiant. We should
note that, when the modulation frequeny is hanged,
the slope of the Ramsey disriminator also hanges. For
instane with f
mod
= 1.4 Hz, the slope is dereased by
30% in square-wave phase modulation mode [12℄. This
means that even in the absene of the intermodulation ef-
fet, the stability limited by the atomi shot noise an be
degraded when f
mod
is varied. This eet has been taken
into aount by our repeating the measurements without
phase noise injeted in the synthesiser. The observed
degradation due to the hange of the disriminator slope
agrees with that expeted based on atomi shot noise and
remains muh smaller than the frequeny instability ob-
served when phase noise is injeted (see below). Measure-
ments were also performed using square-wave frequeny
modulation. Simulations arried out in Ref. [9℄ indiate
that the intermodulation eet should show up with the
same order of magnitude. In this ase the slope is smaller
as is its dependene on f
mod
. The experimental results
are plotted in Fig. 6. In the three graphs of Fig. 6, the
better stability obtained at f
mod
equal to 1 Hz (in (a)
and ()) or 3 Hz (in (b)) is quite onspiuous.
With a view to extrating the intermodulation ontri-
bution to the measured instabilities and omparing them
with the predition above, we subtrated quadratially
the instabilities measured without injeted phase noise
from the total instabilities measured in presene of phase
noise. The values are taken for averaging times τ in the
6range 100 to 400 s and saled to 1 s using the τ−1/2 law.
The results are plotted as a funtion of f
mod
in Fig. 7.
There is good agreement with the alulated intermodu-
lation eet. The most important feature is the suppres-
sion of the eet when the modulation frequeny equals
an odd harmoni of the Ramsey fringe linewidth. Note
that we have used the model of Ref. [8℄ whih makes sev-
eral simpliations, namely: monokineti atomi beam;
innitely short Rabi pulses, hene absene of transients;
no phase shift between modulation and demodulation
waveforms. One might reasonably enquire whether these
idealizations ould yield an underestimate of the eet.
However, several points involved in the real experiment
were onsidered in Ref. [9℄: i) longitudinal veloity dis-
tribution of atoms (a few m/s around the average launh
veloity of 4 m/s, or longitudinal temperature of about
75 µK); ii) phase shift between modulation and demodu-
lation; iii) introdution of dead times (blanking) of dura-
tion equal to the duration of the transients. From these
simulations, the orresponding degradations of stability
are expeted to be very small ompared with the atomi
shot noise. Thus we believe that the observed slight ex-
ess of instability over the predited value arises from
some tehnial noise added in the generation of the phase
noise [13℄. We reall that the latter orresponds to an in-
rease by 2 to 3 orders of magnitude with respet to the
undegraded phase noise, and to an rms phase noise of 2%
of the pi/2 p.p. phase modulation. Conerning the pos-
sible eet of transients, we note that these ould show
up when f
mod
is varied around 3 Hz instead of 1 Hz. In
fat, no signiant degradation is observed (see Fig. 7).
VI. CONCLUSION
In this paper, we show that a ontinuous old-atom
fountain lok that uses a ommerial quartz rystal os-
illator has a frequeny stability limited mainly by atomi
shot noise. By deliberately degrading the noise spe-
trum of the mirowave eld fed to the Ramsey avity,
we have veried the model speially developed to pre-
dit the intermodulation eet in a ontinuous interro-
gation sheme, in partiular the anellation of this ef-
fet when the modulation frequeny involved in the mi-
rowave frequeny loking loop equals an odd harmoni
of the resonator linewidth (FWHM ≃ 1 Hz). The mag-
nitude of the eet when the modulation frequeny is
hanged from these values is observed at the level pre-
dited by the model. This experimental veriation is
important beause several points involved in the atual
experiment, e.g. transients eets, are diult to inlude
in the model. To observe the intermodulation eet at
a level omparable with that of the present atomi shot
noise, we were led to degrade the noise of our quartz os-
illator by 2 to 3 orders of magnitude. This work thus
demonstrates the advantage of the ontinuous fountain
approah in reduing intermodulation-related loal osil-
lator noise and opens the possibility of improving signif-
iantly the short-term stability of a ontinuous fountain
by inreasing the atomi ux.
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FIG. 6: Experimental Allan deviations of the LO loked to
FOCS-1 with white phase noise injeted via the synthesiser
into the mirowave eld fed to the Ramsey resonator. (a)
Square-wave phase modulation with modulation frequeny
varied around 1 Hz, the (FWHM) linewidth of the res-
onator. (b) Square-wave phase modulation with modulation
frequeny varied around 3 Hz. () Square-wave frequeny























FIG. 7: Allan deviations vs interrogation modulation fre-
queny: observed in square-wave phase modulation with-
out injeted phase noise, used as referenes (bullets); ob-
served with injeted phase noise after quadrati subtration
of the referenes (lled squares and triangles for square-wave
phase and square-wave frequeny modulations, respetively);





and square-wave modulation (open squares).
